Impairments in mitochondrial energy metabolism are thought to be involved in most neurodegenerative diseases, including Huntington's disease (HD). Chronic administration of 3-nitropropionic acid (3-NP), a suicide inhibitor of succinate dehydrogenase, causes prolonged energy impairments and replicates most of the pathophysiological features of HD, including preferential striatal degeneration. In this study, we analyzed one of the mechanisms that could account for this selective 3-NP-induced striatal degeneration. In chronically 3-NP-infused rats, the time course of motor behavioral impairments and histological abnormalities was determined. Progressive alterations of motor performance occurred after 3 d. By histological analysis and terminal deoxynucleotidyl transferasemediated biotinylated UTP nick end-labeling staining, we found a selective neurodegenerescence in the striatum, occurring first in its dorsolateral (DL) part. Activation of c-Jun N-terminal kinase (JNK) was analyzed from brain sections of these rats, using immunocytochemical detection of its phosphorylated form. Activation of JNK occurred progressively and selectively in the DL of the striatum and was followed by c-Jun activation and expression in the same striatal region. To elucidate the role of the JNK/c-Jun module in 3-NP-induced striatal degeneration, we then used primary striatal neurons in culture, in which we replicated neuronal death by application of 3-NP. We found strong nuclear translocation of activated JNK that was rapidly followed by phosphorylation of the transcription factor c-Jun. Overexpression of a dominant negative version of c-Jun, lacking its transactivation domain and phosphorylation sites for activated JNK, completely abolished 3-NP-induced striatal neurodegeneration. We thus conclude that a genetic program controlled by the JNK/c-Jun module is an important molecular event in 3-NP-induced striatal degeneration.
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Mitochondrial dysfunctions are critically involved in cellular processes underlying both necrotic and apoptotic cell death, which are thought to have a major role in the pathogenesis of neurodegenerative diseases (for review, see Beal, 2000) . One example is Huntington's disease (HD), in which defects in mitochondrial energy metabolism are now documented from several criteria. Individuals with HD show increases in lactate concentration in occipital cortex and striatum (Jenkins et al., , 1998 and decreased mitochondrial enzyme activities (complexes II-III and IV) in the striatum (Gu et al., 1996; Browne et al., 1997) . Recently, mitochondria from HD patients were shown to be more sensitive to apoptosis (Sawa et al., 1999) . The gene mutation in HD involves expansion of a trinucleotide (CAG) repeat in the N-terminal region of the gene IT15, which encodes the protein called huntingtin (Huntington's Disease Collaborative Research Group, 1993) , the function of which is unknown. Although the pathological feature of this disease is the preferential degeneration of striatal neurons, the means by which this neuronal degeneration occurs remain unknown.
Chronic 3-nitropropionic acid (3-NP) administration in rodents and nonhuman primates has provided a useful experimental model for HD (for review, see Brouillet et al., 1999) . 3-NP is a suicide inhibitor of succinate dehydrogenase (SDH; complex ⌱⌱), which causes prolonged energy impairment and replicates most of the clinical and pathophysiological hallmarks of HD, including spontaneous choreiform and dystonic movements, as well as selective degeneration of striatum. One generally admitted hypothesis to account for 3-NP-induced striatal degeneration is that depletion in ATP levels, produced by a deficit in energy metabolism, can lead to membrane depolarization and can produce NMDA toxicity via the relief of a voltage-dependent Mg 2ϩ block Zeevalk et al., 1995; Greene et al., 1998) . On the other hand, impaired energy metabolism can produce an oxidative stress, formation of reactive oxygen and nitrogen species (Lipton and Rosenberg, 1994; Schulz et al., 1995) , which are suspected to be critically involved in neuronal cell death.
Increasing evidence now implicates the c-Jun N-terminal kinase (JNK) pathway as an important mediator of apoptosis in different model systems. This pathway is activated in response to free radicals generated by ultraviolet radiation, inflammatory cytokines, and direct application of H 2 O 2 (for review, see Davis, 2000) as well as, in striatal neurons, high doses of dopamine (Luo et al., 1998) or glutamate (Schwarzschild et al., 1997) . Overexpression of dominant negative components of the JNK pathway reverses apoptosis induced by trophic factor withdrawal in PC12 cells (Xia et al., 1995) . Furthermore, knock-out mice for JNK3 show reduced kainate-induced neuronal apoptosis in the hippocampus (Yang et al., 1997) . One major target of this pathway is the transcription factor c-Jun, which is regulated at both transcriptional and post-transcriptional levels by activated JNK (Davis, 2000) . Although c-Jun can be involved in multiple functions, including survival, differentiation, and neuronal regeneration (Herdegen et al., 1997) recent evidence critically involves this transcription factor in neuronal apoptosis. In this way, blocking c-Jun functions protects neurons from apoptosis in vitro (Estus et al., 1994; Ham et al., 1995) as well as in vivo (Behrens et al., 1999) .
We designed the present study to investigate a possible role of a JNK/c-Jun module in striatal degeneration induced by 3-NP. For this aim, we used both in vivo and in vitro model systems, i.e., chronic infusion of 3-NP in rats and continuous 3-NP application in primary striatal neurons in culture. These complementary approaches provide strong arguments for a key role of the JNK/ c-Jun module in 3-NP-induced striatal death.
MATERIALS AND METHODS
Animals. Male Lewis rats (body weight, 340 -370 gm) were obtained from Iffa-Credo (l'Arbresle, France). Because vulnerability of animals toward 3-N P toxicity increases with age , all animals were the same age (12weeks) at the beginning of the intoxication. All experimental procedures were in straight accordance with standard ethical guidelines (National Institutes of Health publication 85-23, revised 1985; European Community Guidelines on the C are and Use of Laboratory Animals) and approved by the local ethics committee.
3-Nitropropionic acid treatment. 3-N P was prepared and administered as described previously (Ouary et al., 2000) . 3-N P (Fluka, Buchs, Switzerland) was dissolved in water, and the solution was brought to pH 7.4 with 5 M sodium hydroxide. The animals were anesthetized (ketamine and xylasine) and implanted with subcutaneous osmotic minipumps (2ML4; Alzet Inc., Palo Alto, CA) loaded with 3-N P. The concentration was calculated for each individual rat so that all animals received 3-N P at a dosage of 38 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 . Control animals were implanted with empty osmotic pumps.
Behavioral observation. All 3-N P-treated animals and corresponding controls were evaluated for motor deficits using a neurological scale as described previously (Ouary et al., 2000) . Briefly, motor abnormalities were determined on the basis of the presence and severity of motor symptoms, consisting of dystonia, gait abnormalities, and recumbency. Furthermore, the capability of the animals to grasp a cage grid with their forepaws and their capability to remain on a small platform for Ͼ10 sec was assessed. The presence of these motor abnormalities was studied on a daily basis, and a neurological score was calculated for each animal as the sum of all indices [minimum, 0 (normal score); maximum, 8 (animal showing near-death recumbency)].
Succinate dehydrogenase activit y. The brains of controls (10 rats) and 3-N P-treated animals (9 rats) were cut in two, one-half for the analysis by Western blot and the other half for the SDH activity. SDH activity was determined by in situ semiquantitative histochemistry. The brains were rapidly frozen in isopentane (Ϫ25°C) and kept at Ϫ80°C. The brains were cut in sections of 20 m and mounted on slides. Sections were incubated for 15 min in 0.1 M PBS at 37°C followed by incubation in 0.3 mM nitroblue tetrazolium, 0.05 M phosphate buffer, and 0.05 M sodium succinate for 30 min at 37°C. For determination of nonspecific staining unrelated to SDH activity, adjacent sections were incubated in the same medium in which succinate was omitted. Finally sections were rinsed in cold PBS for 5 min, fixed in 4% paraformaldehyde (PFA), and rinsed in water. The image of each section was acquired with an IMSTAR image analyzer and quantified as reported previously (Brouillet et al., 1998) .
T issue preparation for immunohistochemistr y. Animals received a sublethal dose of pentobarbital (120 mg / kg) and were transcardially perf used with 4% PFA in 0.1 M Na 2 HPO 4 / NaH 2 PO 4 buffer, pH 7.5, delivered with a peristaltic pump at 50 ml /min for 10 min. Brains were removed, post-fixed in the same fixative solution overnight, cryoprotected in 0.1 M phosphate buffer containing 15% sucrose for 24 hr, and then frozen in isopentane. Thin sections (20 m) were cut on a microtome and then kept in a solution containing 30% ethylene glycol, 30% glycerol, 0.1 M phosphate buffer, and 0.1% diethyl pyrocarbonate (Sigma, St. L ouis, MO) at Ϫ20°C until they were processed for immunohistochemistry.
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling. The detection of DNA strand breaks was performed using terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end-labeling (TUN EL) according to the procedure of the manufacturers (Roche Molecular Biochemicals, Bagnolet, France) with minor modifications. Briefly, sections were mounted on slides and rehydrated. They were then treated with 0.1% sodium citrate and 0.1% Triton X-100 for 30 min at room temperature and rinsed three times in PBS. They were then incubated in proteinase K (1 mg /ml in PBS, pH 7.4) for 5 min, reimmersed in 4% PFA for 15 min, and rinsed three times in PBS before TUN EL reactions. Sections were then covered with 50 l of TUNEL mixture for 30 min at 37°C in a humidified chamber. After three washes in PBS, the slides were mounted with Vectashield (Vector Laboratories).
Immunohistochemistr y. Free-floating sections were processed for immunohistochemistry as described previously for detection of phosphorylated extracellular signal-regulated kinase (Sgambato et al., 1998) with minor modifications. Sections were incubated overnight at 4°C with the following primary polyclonal antibodies: phospho Thr 183 -T yr 185 JNK (P-JN K , 1:500; Promega), phospho Ser 63 -c-Jun (P-c-Jun, 1:100; New England Biolabs, Ozyme, France), and c-jun (1:100, New England Biolabs). On the second day, after three rinses in Tris-buffered saline (TBS), they were incubated in biotinylated horse anti-rabbit antibody (1:500; Vector Laboratories) in TBS 2 hr at room temperature. After washing, the sections were incubated for 90 min in an ABC kit (Vector Laboratories). Sections were then rinsed twice in TBS and then in Tris buffer (TB). The reactions were developed in a solution of TB containing 0.1% 3-3Ј diaminobenzidine and H 2 O 2 (0.02%) for 60 min. After processing, tissue sections were mounted onto gelatin-coated slides and dehydrated through alcohol to xylene for light microscopic examination.
For double labeling of TUN EL and P-c-Jun, the TUN EL reaction was first processed as described above, and then P-c-Jun immunohistochemistry was performed and revealed with an anti-rabbit C y3-conjugated antibody (1:1000; Amersham Biosciences, Les Ulis, France). After washing, sections were counterstained with Hoechst and mounted onto gelatin-coated slides under coverslips using Vectashield (Vector Laboratories).
Primar y striatal cultures. Striata of fetal rat (embryonic day 17) from pregnant Sprague Dawley rats were dissected, and tissues were dissociated by repeated trituration with a pipette in PBS and 0.6% glucose. After decantation for 5 min, cells were collected by centrif ugation at 1000 ϫ g for 5 min. C ell pellets were resuspended in Neurobasal media supplemented with B27, glutamine, penicillin-streptomycin (Invitrogen, Gaithersburg, MD), and ␤-mercaptoethanol (Sigma). C ells were seeded at 960 cells/mm 2 into poly-D-lysine (Sigma)-coated 24-well plates. The cultures were maintained at 37°C in a humidified incubator with 5% C O 2 and 95% air. On the seventh day in vitro, the medium was removed and replaced by fresh medium containing 3-N P (Fluka) at 1 mM. The cells were then replaced at 37°C for the appropriate time.
Immunoc ytochemistr y. After treatment, cells were fixed with 4% PFA diluted in PBS for 40 min at room temperature and then incubated with a 1:1 ratio of methanol /acetone for 10 min at 4°C. After washing with PBS, plates were preincubated with blocking buffer (10% fetal bovine serum and 1% BSA in PBS) for 2 hr at room temperature and then incubated with the following primary antibodies in PBS containing 1% BSA overnight at 4°C: P-JN K (1:500) and P-c-Jun (1:500). Plates were rinsed and incubated with an anti-rabbit C y3-conjugated antibody (1: 1000; Amersham Biosciences) for 2 hr at room temperature. After washing, plates were counterstained with Hoechst and mounted under coverslips using Vectashield. For each experiment, cells were analyzed under a fluorescent inverted microscope (Nikon) directly into the wells. Images from immunofluorescence were digitized (magnification 400ϫ) in parallel with Hoechst from five independent fields for each experiment (n ϭ 3 for each treatment). The percentage of P-JN K or P-c-Jun neurons was calculated for each experiment.
Western blot. Immunoblot analysis was performed as described previously (Vanhoutte et al., 1999) . Neurons were cultured in six-well plates, placed on ice, and lysed in a solubilization buffer containing a mix of protease and phosphatase inhibitors (10 mM Tris-C l, 50 mM NaC l, 1% Triton X-100, 30 mM sodium pyrophosphate, 50 mM NaF, 5 M ZnCl 2 , 100 M Na 3 VO 4 , 1 mM DTT, 5 nM okadaic acid, 2.5 g of aprotinin, 2.5 g of pepstatin, 0.5 M PMSF, 0.5 mM benzamidine, and 2.5 g of leupeptin). Insoluble material was removed by centrif ugation (13,000 rpm for 20 min at 4°C), and samples were then kept at Ϫ80°C. Protein extracts (10 g) were separated by 10% SDS-PAGE before electrotransfer. Blots were blocked with 5% nonfat milk and incubated with rabbit polyclonal antisera raised against P-JN K (1:1000) overnight at 4°C. After rinsing, the blots were incubated with goat horseradish peroxidaseconjugated antibody (1:2500; Amersham Biosciences) for 2 hr at room temperature before exposure to an ECL kit (Amersham Biosciences).
Transfection. Transient transfection of primary striatal cultures was performed with LipofectAM I N E 2000 (Invitrogen) as recommended by the manufacturer's protocol. C ells (1.8 ϫ 10 5 ) were transfected with 1 g of enhanced green fluorescent protein (pEGFP-N3; C lontech, C ambridge, UK) alone or in the presence of 5 g of the dominant negative c-Jun (FL AG⌬169; ⌬c-Jun). After 6 hr, the cultures were rinsed with fresh medium. After the treatment with 3-N P, the cells were fixed as described above. Immunocytochemical analysis of ⌬c-Jun expression was performed using a mouse monoclonal anti-flag M2 antibody (Sigma) with the protocol described above for P-JN K and P-c-Jun immunodetection.
Statistical anal ysis. Results are expressed as the mean Ϯ SEM. Statistical analysis was performed using one-way ANOVA followed by a post hoc Scheffé test for comparison of multiple experimental conditions. In all cases, significance was set up at p Ͻ 0.05.
RESULTS

Systemic administration of 3-NP induces selective and progressive striatal degeneration
We first wished to analyze JNK activation in a model system of chronic striatal degeneration induced, in vivo, by continuous infusion of 3-NP (Brouillet et al., , 1995 . We took advantage of the improvement of this model in the Lewis rat strain in which the onset of 3-NP-induced neurodegeneration is highly reproducible (Dautry et al., 2000; Ouary et al., 2000) . To assess for the efficacy of 3-NP infusion, during the treatment we measured neurological impairments, which primarily included dystonia, bradykinesia, and gait abnormalities (Ouary et al., 2000) . We established neurological scores from 1 (the less severe) to 8 (the most severe) (Fig. 1 A) . On day 3, 3-NP-treated rats showed mild and intermittent dystonia of the hindlimbs. On day 4, the animals showed more severe permanent dystonia of the hindlimbs associated with wobbling gaits. At later stages, most animals showed severe dystonic posture (score 5-6), and some were recumbent (score 8). As revealed by one-way ANOVA (F (4,64) ϭ 127.882; p Ͻ 0.0001), chronic systemic administration of 3-NP induced progressive motor alterations.
To assess biochemically the efficacy of 3-NP treatment, brain SDH activity was measured by semiquantitative histochemistry (Brouillet et al., 1998;  Fig. 1 B) . Statistical comparisons revealed a significant reduction (35%) of this activity after 3 d of 3-NP treatment in the striatum and cerebral cortex (F (3,15) ϭ 75.488; p Ͻ 0.0001; F (3,15) ϭ 55.994; p Ͻ 0.0001, respectively). On day 5 of 3-NP treatment, SDH activity remained in the same range (40%) in the cerebral cortex, whereas it was further reduced (Ϫ50%) in the striatum, partly as a direct consequence of degeneration (see below).
Histology was then performed on brain sections from rats that were used for behavioral analysis described above. Of interest, although 3-NP diffuses throughout the brain, as indicated by SDH measurements, the neurotoxin produced a selective and progressive striatal degeneration that was clearly visible in the dorsolateral (DL) part of the structure after 5 d of treatment (Fig.  2 A) . From day 6, this degenerative process extended to the ventral region of the striatum in most animals ( Fig. 2 A) , thus indicating that this limbic-associated area can also be altered by 3-NP treatment, albeit later on. At higher magnification, histological examination showed shrinkage of the cell body (retraction) of most neurons in the DL when compared with the dorsomedial (DM) striatum on days 5 and 6 and control striatum (Fig. 2 B) . In some cells, cresyl violet staining had apoptotic features, with nuclear fragmentation (see Fig. 2 B, inset) as reported previously (Ouary et al., 2000) .
We thus investigated, using TUNEL staining, whether striatal degeneration was accompanied by DNA fragmentation, which is Figure 1 . Systemic administration of 3-NP leads to neurological impairment and inhibition of SDH. A, Control (Ct) and 3-NP-treated rats were tested every day for behavioral performance (from day 3). Score 1 corresponded to mild and intermittent dystonia of one hindlimb, scores 2-3, intermittent or permanent appearance of dystonia for two hindlimbs; scores 4 -5, wobbling gait and lack of grasping; and scores 6 -8, severe dystonic posturing to recumbency. Data are representative of at least six rats per group. Statistical analysis: *p Ͻ 0.05; **p Ͻ 0.005; ***p Ͻ 0.001 when comparing control and 3-NP-treated rats (Scheffé test). B, Striatal and cortical SDH activity was measured by semiquantitative immunohistochemistry. Note the strong decrease in both cortical and striatal slices. *p Ͻ 0.001 when comparing 3-NP-treated rats with their corresponding control (Scheffé test).
classically used as an index of apoptosis. We found strong TUNEL labeling that occurred in the DL striatum, specifically at day 5 of 3-NP treatment (Fig. 3A) . This staining then spread along the ventral part of the DL and thereby followed the evolution of striatal degeneration. At higher magnification, TUNEL staining was found in a subpopulation of striatal cells and also showed apoptotic bodies (Fig. 3B) . The number of TUNELpositive cells was quantified in 3-NP-treated animals and compared with the neurological scores, which were considered good indices of striatal degeneration. Although no TUNEL-positive cells were observed for scores of Ͻ5, we found a strong and significant increase in TUNEL-positive cells from scores 5-6 to scores 7-8 ( Fig. 3C; F (2,17) ϭ 12.415; p Ͻ 0.0005). Corresponding time points were 3-4 d for scores of Ͻ5, 5 d for scores of 5-6, and 6 d for scores of 7-8.
In conclusion, these data indicate that systemic administration of 3-NP produces selective striatal degeneration. This degenerative process begins in the dorsolateral part and then diffuses to the ventral region of the striatum. This degeneration has some apoptotic characteristics and occurs progressively from day 5 of treatment and is strictly correlated with neurological deficits.
3-NP treatment activates JNK and c-Jun in the striatum: in vivo analysis
We next determined JNK activation from brain sections or 3-NPtreated rats that were studied for motor behavioral impairments and histological abnormalities (see above). For this purpose, immunocytochemical detection of the phosphorylated and thereby active form of JNK (P-JNK) was used. In control rats, no P-JNK immunolabeling was found in the striatum or any other brain regions (Fig. 4 A) . Similarly, no P-JNK immunoreactivity was found before 5 d of 3-NP infusion (data not shown). P-JNKpositive cells then progressively appeared in the DL region of the striatum, specifically after 5 d of treatment, and further increased after 6 d (Fig. 4 B) . When compared with the neurological score, the number of P-JNK-immunoreactive cells showed a slight but not significant increase at scores of 5-6 and a significant increase from animals scored 7-8 (F (2,22) ϭ 4.123; p Ͻ 0.05; Fig. 4C ).
Within the nucleus, activated JNK is known to control the . Systemic administration of 3-NP leads to a progressive activation of JNK in the striatum selectively. JNK activation was analyzed by immunocytochemical detection of its active, phosphorylated form (P-JNK) from sections corresponding to the rats used for behavioral, histological, and TUNEL analysis (see previous figures). A, High magnification of P-JNK immunoreactivity in the piriform cortex and DM and DL regions of the striatum. Note the lack of labeling in the Piriform cortex and the DM striatum in Control and 3-NP-treated rats. P-JNK immunoreactivity appears at 3-NP-5 days in the DL striatum specifically. B, P-JNKimmunoreactive cells were depicted in the striatum using an image analyzer. Note their appearance in the DL striatum specifically at 3-NP-5 days treatment. C, Quantification of P-JNK-immunoreactive cells was performed from at least five different rats per neurological score. For each rat, one equivalent striatal section (30 m) was counted. Shown is the mean value determined in 3-NP-treated rats presenting the same neurological score. phosphorylation state of c-Jun as well as its transcriptional control (Angel et al., 1988) . Using an antibody specific for the phosphorylated form of c-Jun (P-c-Jun), we found activation of c-Jun at day 5 of 3-NP treatment that was further increased at day 6 (Fig. 5) . This activation was found in the degenerative area, as analyzed by double staining with TUNEL (Fig. 5) . Interestingly, in some cases, P-c-Jun immunoreactivity occurred in the same striatal neurons. Next, we examined c-Jun expression after 3-NP treatment. We failed to detect any c-Jun-immunoreactive cells in the striatum of control rats, although strong basal levels were found in the piriform cortex (Fig. 6 A,B) . c-Jun-immunoreactive cells appeared after 6 d of 3-NP treatment in the DL of the striatum specifically (Fig. 6 A,B) . c-Jun-positive neurons clearly appeared at high neurological scores ( Fig. 6C; F (2,22) ϭ 21.673; p Ͻ 0.0001). Thus, c-Jun expression is delayed when compared with JNK activation, a result consistent with the necessary delay for transcription and translation of the protein.
3-NP treatment activates JNK and c-Jun in primary striatal neurons in culture
We then used a simplified model system, primary striatal neurons in culture, to evaluate the function of the JNK/c-Jun module in 3-NP-induced striatal degeneration. Time course analysis of neurodegeneration after initial treatment of cultured cells with 3-NP (1 mM) was performed to find out apoptotic features previously described with this dose in hippocampal primary cultures (Pang and Geddes, 1997) . In agreement with these experiments, we found ϳ50% of neuronal cell loss after 48 hr of 3-NP treatment (Fig. 7A,B) .
Kinetics of JNK activation were analyzed on this model system by immunofluorescence (Fig. 8 A) . A low basal level of P-JNK immunoreactivity was found in control cells that corresponded, nevertheless, to an exclusive neuritic localization. After 2 hr of 3-NP treatment and later on, P-JNK immunoreactivity showed a clear-cut nuclear localization, thus suggesting activation of the kinases. Accordingly, Western blot analysis showed increased levels of P-JNK immunoreactivity after 2 hr of 3-NP treatment ( Fig. 8, compare A, B) . Counting cells with a nuclear expression of P-JNK showed a peak at 2-3 hr and then a progressive decline ( Fig. 8C; F (3,56) ϭ 67.173; p Ͻ 0.0001). At 24 and 48 hr of 3-NP treatment, P-JNK immunoreactivity was neuritic again (data not shown). Thus altogether, these data strongly support the idea that JNKs are activated and translocated to the nucleus on 3-NP treatment.
Within the nucleus, P-c-Jun immunoreactivity occurred in response to 3-NP treatment. In control conditions, no labeling for P-c-Jun was observed. P-c-Jun immunoreactivity occurred after 3 hr of the neurotoxic treatment, with a peak at 6 hr and a slight decrease at 48 hr (Fig. 8 D,E ; F (5,83) ϭ 46.331; p Ͻ 0.0001).
Overexpression of dominant negative c-Jun blocks 3-NP-induced apoptosis in primary striatal neurons
To address the role of c-Jun activation in striatal neurodegeneration induced by 3-NP, we overexpressed a dominant negative form (⌬c-Jun) in primary striatal neurons. We used a construct corresponding to a deletion of the first 169 amino acids, the region containing the transactivation domain (i.e., phosphorylation sites for activated JNK) (Ham et al., 1995) . Neurons were transfected with GFP alone or in combination with ⌬c-Jun. GFP expression allowed us to visualize the cytoarchitecture, including neuritic extension of transfected neurons and cell body characteristics (analyzed after 48 hr of 3-NP treatment) of transfected neurons. Immunocytochemical detection of ⌬c-Jun showed its nuclear localization, as well as coexpression with GFP in doubletransfected neurons (Fig. 9A) .
In control conditions, neurons transfected with GFP alone or in combination with ⌬c-Jun showed a very long neuritic extension and a normal cell body (Fig. 9A) . After 48 hr of 3-NP treatment, 60% of neurons transfected with GFP alone exhibited a strong retraction of neurites and shrinkage of cell bodies (F (3,8) ϭ 185.246; p Ͻ 0.0001; Fig. 9A,B) . In contrast, only 17% of neurons coexpressing GFP and ⌬c-Jun showed a neuritic retraction after 3-NP treatment (Fig. 9A,B) . Similar protective effects were found by Hoechst staining, because no fragmented nuclei were found in ⌬c-Jun-transfected neurons treated with 3-NP (F (3, 8) ϭ356.710; p Ͻ 0.0001; Fig. 9C ). No significant differences in either neuritic or nuclear characteristics of ⌬c-Jun-transfected neurons were found between control and 3-NP-treated cells at 48 hr (Fig.  9A-C) . Thus, activation of c-Jun plays a critical role in 3-NPinduced striatal neurodegeneration.
DISCUSSION
We provide here the first demonstration that chronic infusion of 3-NP in rats activates the JNK pathway specifically in the striatum. This activation was further illustrated in vitro in primary striatal cultures, and in this model system, the dominant negative c-Jun blocked striatal death induced by 3-NP. We therefore propose that 3-NP-induced striatal death is controlled at least in part by a genetic program involving the activation of the JNK pathway.
Chronic infusion of 3-NP induces JNK activation and c-Jun expression in the striatum
In vivo, chronic infusion of 3-NP produces neurological deficits such as motor dysfunction. These alterations are primarily attributable to striatal degeneration in the lateral part, a region functionally connected by cortical motor afferents (Brown, 1992; Sgambato et al., 1997) . Activation of JNK occurred at neurological scores of 5-6 in a strict spatial register with striatal degeneration. Although we found less phospho-JNK-than TUNELpositive cells, we must consider that phosphorylation of JNK is a transient phenomenon, highly controlled by specific phosphatases. Thus, it remains possible that the peak time point for detection of phospho-JNK in such a chronic model is temporally restricted and thereby less detectable compared with TUNEL. JNK activation is classically linked to transcriptional regulation that occurs early in the apoptotic process. Consistent with this, we found upregulation of c-Jun phosphorylation as well as its expression in the dorsolateral striatum. Transcriptional regulation of c-Jun is under the control of an activator protein-1 (AP1)/12-Otetradecanoylphorbol 13-acetate response element site located in its promoter. Of interest, this AP1 site is activated by an heterodimeric complex formed by c-Jun itself and activating transcription factor-2, and phosphorylation of c-Jun by activated JNK strongly potentiates the transcriptional activity of this complex. This was demonstrated recently in an elegant study using deficient mice for JNK3, in which kainate-induced c-Jun phosphorylation and AP1 activity were strongly reduced in the hippocampus (Yang et al., 1997) .
Possible partners for selective activation of JNK/c-Jun in the striatum
Despite the widespread effect of 3-NP, i.e., inhibition of SDH activity in various brain areas (Brouillet et al., 1998; Dautry et al., 2000) , JNK activation was restricted to the striatum. Different intracellular and extracellular events can be responsible for JNK activation in neuronal cells. One of these events is production of reactive oxygen species and nitrogen species by 3-NP (Schulz et al., 1995) . In line with this, administration of the free radical scavengers coenzyme Q10 and N-acetylcysteine or the nitric oxide synthase inhibitor 7-nitroindazole exerts neuroprotective effects on 3-NP-treated rats (Schulz et al., 1995; Matthews et al., 1998; La Fontaine et al., 2000) . Lesions induced by malonate, another selective inhibitor of SDH, are also attenuated by free radical scavengers (Schulz et al., 1996) . Although reactive oxygen and nitrogen species are necessary and sufficient to activate JNK in different model systems, it is highly probable that other partners are necessary to account for JNK activation in vivo in the chronic 3-NP model.
The striatum is highly innervated by glutamatergic afferents incoming from the cerebral cortex, and a cortical lesion strongly impairs 3-NP-induced striatal degeneration . In striatal neurons, defects in energy metabolism produced by 3-NP may lead to membrane depolarization and may produce glutamate toxicity via the removal of the Mg 2ϩ block from NMDA receptors . Glutamate is known to induce JNK activation on primary striatal cultures (Schwarzschild et al., 1997) as well as on striatal slices (Vanhoutte et al., 1999) . However, the action of glutamate cannot solely explain striatal activation of JNK to systemically administered 3-NP, because glutamate is not found exclusively in the striatum but also in regions of the brain that are not sensitive to 3-NP such as the cerebral cortex (Cotman et al., 1987) .
One must keep in mind that the striatum is the major input structure for dopaminergic afferences (Björklund and Lindvall, Figure 8 . 3-NP leads to activation of the JNK/c-Jun module in cultures of primary striatal neurons. A, P-JNK immunoreactivity in control (Ct) and 3-NP-treated cells. Note the low P-JNK immunoreactivity in control cells restricted to the neuritic extension (white arrow). Note also the strong nuclear translocation of P-JNK immunoreactivity after 3-NP(3h) treatment (arrowhead). B, Western blot analysis of P-JNK immunoreactivity. C, Quantification of P-JNK-immunoreactive nuclei was performed and compared with the total number of striatal neurons (analyzed by Hoechst staining). Data are representative of three independent experiments (for each experiment, the mean value was calculated from 5 randomly chosen fields, representing 50 neurons each). Statistical analysis: ***p Ͻ 0.001 when comparing P-JNK-immunoreactive nuclei between 3-NP-treated and control (Ct) neurons (Scheffé test). D, Phosphorylation of c-Jun was determined using an antibody specific for its phosphorylated form (P-c-Jun). Note that P-c-Jun-immunoreactive neurons appear at 3-NP(3h) treatment. E, Quantification of P-c-Jun-positive nuclei was performed as detailed for P-JNK. Statistical analysis: **p Ͻ 0.001 and ***p Ͻ 0.0001 when comparing control (Ct) and 3-NP-treated neurons (Scheffé test).
1984). Dopamine released from nigrostriatal terminals has neurotoxic effects when directly injected into the striatum (Filloux and Townsend, 1993) . Furthermore, amphetamine, which increases striatal dopamine release, potentiates 3-NP toxicity in acute or chronic models of 3-NP administration (Bowyer et al., 1996; Reynolds et al., 1998) . Conversely, denervation of the nigrostriatal pathway by 6-hydroxydopamine reduces the lesion induced by chronic 3-NP in vivo (Reynolds et al., 1998) . At high doses (500 M), dopamine is able to induce JNK activation in 293 cells, and blocking JNK activation by overexpression of a dominant negative version of the kinase responsible for its phosphorylation [dominant negative stress-activated protein kinase/Erk kinase 1 (SEK1)] reverses dopamine-induced apoptosis (Luo et al., 1998) . These authors also showed, in primary striatal cultures, that overexpression of dominant negative c-Jun is able to block apoptosis induced by dopamine. Because dopamine can produce reactive oxygen species (ROS) intracellularly via auto-oxidation processes (Luo and Roth, 2000) , a tentative explanation is that combined effects of dopamine and 3-NP on ROS production could account for JNK activation that we observed in the striatum. The decline of oxidative stress defense mechanisms during aging could be responsible for the higher vulnerability of the aged brain to the toxicity of reactive oxygen species (for review, see Luo and Roth, 2000) . This might explain why 3-NP is much more toxic in older compared with young adult animals and primates (Brouillet et al., 1995) .
Role of the JNK/c-Jun module in 3-NP-induced striatal degeneration
To further investigate the specific role of the JNK pathway in 3-NP-induced striatal degeneration, we used primary striatal cultures treated with 3-NP (1 mM) and found activation of the JNK pathway with much more rapid kinetics than in vivo. Thus, high doses of 3-NP alone are able to activate JNK in an isolated context. Using the same dose of 3-NP as in the present study, Pang and Geddes (1997) showed 50% of hippocampal cell loss after 48 hr of treatment, which corresponded to both necrotic and apoptotic features. Although the rapid necrotic cell death was blocked by the NMDA receptor antagonist MK801, apoptosis was not attenuated by this compound but instead prevented by a protein synthesis inhibitor, cycloheximide. These data indicated that 3-NP-induced apoptosis required activation of a genetic program. In this way, it is now generally admitted that although many components of the apoptotic machinery preexist in a latent form, de novo gene expression is required to initiate apoptosis in neurons. Alterations in gene expression are triggered by specific 4 Figure 9 . A dominant negative form of c-Jun protects neurons from apoptosis induced by 3-NP. Primary striatal neurons were transfected with GFP alone or in combination with a dominant negative form of c-Jun (⌬c-Jun, lacking the first 169 amino acids). A, Transfected neurons were visualized by GFP (top panels, green). In cotransfected neurons (bottom panels), detection of ⌬c-Jun expression was performed using an antibody that recognizes the FLAG epitope. The coexpression of GFP and ⌬c-Jun is shown in yellow. Note the protection from 3-NP-induced neuritic retraction and nuclear condensation in cells cotransfected with GFP and ⌬c-Jun. Insets, Corresponding Hoechst staining in these neurons. B, Quantification of neurite retraction from transfected cells. C, Quantification of transfected neurons having condensed or fragmented nuclei. Data are representative of three independent experiments (for each experiment, ϳ500 transfected neurons were analyzed). Statistical analysis ***p Ͻ 0.001 when comparing controls (Ct) with 3-NP treatment; ### p Ͻ 0.001 when comparing 3-NP-treated neurons transfected with GFP alone or with GFPϩ⌬c-Jun (Scheffé test). intracellular pathways that control the phosphorylation state of nuclear transcription factors. Indeed, we found nuclear translocation of activated JNK as well as hyperphosphorylation of the transcription factor c-Jun on 3-NP treatment.
Overexpression of a truncated version of c-Jun, lacking the first 169 amino acids and thereby phosphorylation sites for JNK, protected striatal neurons from apoptosis. By controlling the phosphorylation state of c-Jun, the JNK pathway controls the heterodimeric transcription factor AP1. Distinct genes are known to be regulated according to the specific composition of this complex (Kaminska et al., 2000) . One possible target gene of the JNK/c-Jun module could be Fas ligand (FasL), as proposed recently from different model systems of neuronal apoptosis (Herdegen et al., 1998; Le-Niculescu et al., 1999; Martin-Villalba et al., 1999; Morishima et al., 2001) . By binding to its cognate receptor and activating caspase 8 in a paracrine or autocrine manner, FasL is an important mediator of death machinery. More recently a proapoptotic Bcl-2 family member, Bim, which is strongly induced in sympathetic neurons on NGF withdrawal, was shown to be under the transcriptional control of the JNK/c-Jun module (Putcha et al., 2001; Whitfield et al., 2001) .
Can JNK/c-Jun activation account for striatal degeneration in Huntington's disease?
One potential role of mutated huntingtin (Htt) is to alter transcription levels of antiapoptotic proteins. In this way, mutated Htt toxicity is attributable to its accumulation in the nucleus, and this may involve cleavage by caspase 3 . Locally, the truncated region of Htt (the N-terminal region containing a polyglutamine tract) acts as a transcriptional repressor by interacting with the tumor suppressor p53 and sequestrating the cAMP response element-binding protein (CREB)-binding protein (Steffan et al., 2000; Nucifora et al.; . By interfering with the functions of the transcription factor CREB, one important mediator of cell survival, mutated Htt could be involved in downregulation of the antiapoptotic bcl-2 (Riccio et al., 1999 ) and brain-derived neurotrophic factor (BDNF; Tao et al., 1998) genes. In this regard, it is interesting to note that BDNF mRNA and protein levels are modified in the cerebral cortex in HD patients, as well as in a mouse transgenic model of HD .
Besides downregulation of antiapoptotic genes, our data raise the interesting possibility that overexpression of proapoptotic genes could also be involved in HD, via activation of the JNK/ c-Jun module. Given the defective mitochondrial energy production and increased levels of free radicals observed in HD patients (Beal, 1996; Sharp and Ross, 1996) , we propose that JNK activation could occur in the striatum via mechanisms similar to those observed in 3-NP experimental models. Alternatively, recent evidence indicates that mutated Htt can activate JNK in a hippocampal neuronal cell line via a mechanism involving mixed lineage kinase 2 (Liu, 1998; Liu et al., 2000) . In these studies, overexpression of dominant negative SEK1 blocked apoptosis induced by mutated Htt (Liu, 1998) . Analyzing whether and how JNK/c-Jun is activated in HD could elucidate some fundamental molecular aspects of striatal neurodegeneration in this disease.
